INTRODUCTION
In the course of studying a patient with hereditary aldolase deficiency, it became necessary to estimate Dglyceraldehyde levels in whole blood. While investigating blood-glyceraldehyde mixtures, we found that glyceraldehyde disappeared from blood during refrigerated storage; to our surprise we discovered that a large proportion of the glyceraldehyde that disappeared could be accounted for as glycerol. In the absence of glyceraldehyde no glycerol was formed. The conversion of glyceraldehyde to glycerol in red cells has not, to our knowledge, been observed previously. We now describe this phenomenon and the enzymatic basis of the reduction process.
Received for publication 12 September 1973 and in revised form 26 December 1973.
METHODS
Systems for incubating intact red cells were prepared by centrifuging freshly collected heparinized normal adult human blood, removing the plasma and buffy coat, and removing approximately 95% of the remaining leukocytes by filtration through cotton cheesecloth (1) . The plasma was freed of formed elements by centrifuging at 5,000g for 15 min and the red cell suspension was reconstituted in plasma to give a hematocrit of approximately 40%.
Approximately 0.2 /ACi of [U-4C] glucose or [1-14C] glucose were added per milliliter of red cell suspension. 2-ml aliquots of the suspension were placed into Warburg flasks. Where indicated, D-glyceraldehyde was added to give a final concentration of 1.5 mM. 1 ml of 10% perchloric acid was placed into the side arm and 0.2 ml hyamine hydroxide (1.0 M p-(diisobutyl-cresoxyethoxyethyl) dimethylbenzyl ammonium hydroxide in methanol) into the center well of each flask. The flasks were stoppered and incubated at 37°C. The reaction was stopped in duplicate flasks at the beginning of incubation, and in additional flasks at appropriate time intervals, by tipping perchloric acid into the red cell suspension. The mixture was shaken for an additional 120 min. Then the hyamine was quantitatively transferred into Bray's solution for counting of radioactivity and the perchloric acid extract was analyzed for glycerol and D-glyceraldehyde as described below. An aliquot of the suspension was also deproteinized at the beginning of the experiment for glucose estimations with hexokinase and ATP (2) .
The activity of the D-glyceraldehyde-reducing enzyme was measured directly spectrophotometrically in active, hemoglobin-free fractions by measuring at 37'C the rate of decrease of optical density at 340 nm in an assay system containing the following: KH2PO4/K2HPO4 buffer, 100 mM, pH 7.4; NADPH, 0.2 mM; and D-glyceraldehyde, 2 mM. Kinetic studies were carried out by this procedure, with the enzyme concentrated by ultrafiltration so that 50 ,ul of enzyme produced an optical density change of approximately 7 mOD U/min in a 1-ml reaction mixture. Direct spectrophotometric measurement of NADPH was not possible at 340 nm in hemoglobin-containing preparations, because glyceraldehyde reacted with hemoglobin, oxidizing NADPH nonenzymatically in the process. The active oxidant appeared to be H202, since the reaction was inhibited strongly by catalase. To measure the formation
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The assay system had the following composition: K2HPO4/ KH2PO4 buffer, 200 mM, pH 7.4; NADP 2 mM; G6P, 4 mM; G6PD, 1.5 U/ml; and D-Glyceraldehyde, 4 mM. At appropriate time intervals the reaction was stopped by the addition of perchloric acid, and the amount of glycerol formed was measured as indicated below. The amount of glycerol formed was linear with hemolysate concentration up to a concentration representing 0.1 ml of red cells/ml of reaction system. With this amount of hemolysate, the system was also found to be linear with respect to time for at least 180 min. Routinely, the reaction was stopped at the end of 100 min. The results of assaying the enzyme activity by these two methods in hemoglobin-free enzyme preparations were essentially identical.
D-glyceraldehyde and glycerol determinations were carried out by a modification of the method described by Pinter, Hayashi, and Watson (3). This technique is based upon the fact that glyceraldehyde and dihydroxyacetone are reduced to glycerol by treatment, under appropriate conditions, with potassium borohydride. Perchloric acid extracts were made, a drop of 0.05% methyl orange was added and the extract was neutralized with 3 M potassium carbonate (4). 0.1 ml of 1 M potassium borohydride in 1 N NaOH was added to a 2-2.5-ml aliquot of the neutralized extract. After 10 min at room temperature, 0.05 ml of 12 N HC1 were added and the tube was mixed vigorously to destroy excess borohydride. The pH was then adjusted to the methyl orange endpoint with 3 M K2CO3. The Fig. 2 . The peak tube showed 386-fold purification of enzyme activity.
Chromatography of the glyceraldehyde-reducing enzyme was also investigated in the system described by Gabbay (6) and Moonsammy and Stewart (7) using the Tris-PO4-NaCl gradient described by Moore by leukocyte-free red cell suspensions.
mM NaCl (8), the elution position of L-hexonate de-ducing enzyme was freed of hemoglobin on a DEAE hydr-ogenase (7). column and was concentrated by ultrafiltration in an Kinetic characteristics and substrate specificity of the Amicon PM 10 ultrafilter (Amicon Corp., Lexington, glyceraldehyde-reducing enzyme. Glyceraldehyde-re-Mass.). The activity of the enzyme was measured di- Table II . Tetramethylene glutaric acid,' a potent inhibitor of aldose reductase at a concentration of 0.1 mM (9), produced only 9% inhibition of the glyceraldehyde-reducing enzyme when added to a system containing 2 mM D-glyceraldehyde as substrate. Under the same conditions 3 mM barbital produced 87% inhibition and lithium sulfate 51% activation. The relationship between pH and activity of the enzyme was investigated in a Tris-glycine-phosphate buffer (10) . As shown in Fig. 3 (7) Kinetic studies in phosphate buffer, pH 7.0. § Bovine retina (6), conditions not described.
1 Calf lens (9) , phosphate buffer, pH 6.8. ¶ D-xylose consistently gives a two-component Lineweaver-Burk plot.
glycerol produced in the incubation experiments. Slightly less carbon dioxide was found, even when uniformly labeled glucose was used as substrate. Thus, a small fraction of the gycerol produced must be accounted for through a hydrogen donor other than NADPH. The fact that some glyceraldehyde reduction may occur independently of NADPH generation was supported by the study of G6PD-deficient erythrocytes. As expected, no stimulation of C02 production was observed in these cells. Nonetheless, a modest amount of glycerol was formed. One must presume that a small portion of glycerol formation occurs through a NADH linked pathway.
Two mammalian enzymes are known to catalyze the reduction of D-glyceraldehyde to glycerol, aldose reductase (alditol: NADP oxidoreductase, EC 1.1.1.21) (6, 7, 11), and L-hexonate dehydrogenase (L-gulonate: NADP oxidoreductase, EC 1.1.1.19) (6, 7, 12) . Both enzymes preferentially utilize NADPH as a hydrogen donor. Travis, Morrison, Clements, Winegrad, and Oski (13) demonstrated that human erythrocytes accumulate sorbitol in the presence of high concentrations of glucose. They suggested that aldose reductase activity was present in erythrocytes; because of the high Km which L-hexonate dehydrogenase had been reported to have for glucose, they surmised that the enzymatic activity present in erythrocytes was not this enzyme. Gabbay and Cathcart (14, 15) , on the other hand, reported that only L-hexonate dehydrogenase was present in red cells. No direct measurement of this enzymatic activity in erythrocytes or studies of the characteristics of the red cell enzyme are known to us, however.
Although aldose reductase and L-hexonate dehydrogenase have many similarities, the two enzymes are most easily distinguished from one another because of their marked difference in the ability to catalyze the reduction of xylose, and the differences in their relative capacity to catalyze reduction of DL-glyceraldehyde and glucuronic acid (6, 7) . These enzymes have also been separated chromatographically from bovine retina (6) , ox brain (7) and rabbit aorta (16) . Table II (27) .
matic conversion of glyceraldehyde to methylglyoxal (24) , which in red cells is rapidly metabolized to D-lactic acid (25) , the reported oxidation of glyceraldehyde to glyceric acid by aldehyde dehydrogenase (26) , and the oxidation and phosphorylation of glyceraldehyde to 1-phosphoglyceric acid by glyceraldehyde phosphate dehydrogenase, which has been reported to occur in mammalian tissues (27) 
